18 F]-FEPPA binds to the 18-kDa translocator protein (TSPO) and is used in positron emission tomography (PET) to detect microglial activation. However, quantitative interpretations of the PET signal with new generation TSPO PET radioligands are confounded by large interindividual variability in binding affinity. This presents as a trimodal distribution, reflecting high-affinity binders (HABs), low-affinity binder (LAB), and mixed-affinity binders (MABs). Here, we show that one polymorphism (rs6971) located in exon 4 of the TSPO gene, which results in a nonconservative amino-acid substitution from alanine to threonine (Ala147Thr) in the TSPO protein, predicts [ 18 F]-FEPPA total distribution volume in human brains. In addition, [ 18 F]-FEPPA exhibits clearly different features in the shape of the time activity curves between genetic groups. Testing for the rs6971 polymorphism may allow quantitative interpretation of TSPO PET studies with new generation of TSPO PET radioligands.
Introduction
Microglia express a protein in their mitochondria called the translocator protein (TSPO) 18 kDa or TSPO (Braestrup et al, 1977) , which was previously known as the peripheral benzodiazepine receptor (PBR) (Anholt et al, 1986) . Activated microglia thus represent an important marker of neuroinflammation (for a recent review see Venneti et al, 2009 ). This has been confirmed in a large number of studies that have shown that levels of TSPO and/or microglia are greatly increased in examples of inflammation (as reviewed by Chen and Guilarte, 2008) . Positron emission tomography (PET) imaging of TSPO can be used to quantify TSPO in-vivo using appropriate radiotracers that bind selectively and specifically to TSPO. The first and most widely used radiotracer is [ 11 C]-PK11195 (Camsonne et al, 1984) ; however, this radiotracer has recognized limitations including high nonspecific binding, low brain penetration, high plasma protein binding, and a difficult synthesis. The deficiencies of [ 11 C]-PK11195 coupled with the recognized importance of TSPO imaging have fueled considerable efforts to develop radiotracers with greater sensitivity to detect TSPO binding (James et al, 2006; Okubo et al, 2004) . While [ 11 C]-PBR28 (Fujita et al, 2008) and [ 11 C]-DPA713 (Boutin et al, 2007 ) circumvent many of the deficiencies of [ 11 C]-PK11195, both are radiolabeled with the short-lived carbon-11, rendering unsuitable for wide-spread dissemination. The advantages of fluorine-18-labeled radiotracer are several; improved targetry means that [ 18 F]-fluoride can now be produced by low/medium energy cyclotrons in large quantities, the imaging quality of this radionuclide are superior to carbon-11, and most importantly the longer half-life (t 1/2 E 109 minutes), allows shipment to imaging sites distant from the site of production, which is particularly useful for clinical applications. Only two [ 18 F]-labeled TSPO radiotracers have been evaluated so far in humans. [ 18 F]-FEDAA1106 displays good brain penetration, but this compound is exceedingly lipophilic and its binding kinetics are very slow (Fujimura et al, 2006) . Very recently, [ 18 F]-PBR06 has been studied in human (Fujimura et al, 2009 ). [ 18 F]-PBR06 has many favorable properties, including appropriate kinetics, good brain penetration, and ease of preparation. Unfortunately, initial reports suggest that it produces a brain-penetrant radiolabeled metabolite that confounds quantification of TSPO binding (Fujimura et al, 2009) . Recently, our group reported the radiosynthesis and initial evaluation of [ 18 F]-FEPPA, an F-18 radiolabeled analog PBR28 (Wilson et al, 2008) , and we have validated its quantification using the unconstrained two-tissue compartment model with 120 minutes of scan data (Rusjan et al, 2011) .
Second generation of TSPO tracers present, in humans, three affinity patterns that are related to two distinct binding sites of high and low affinity for the ligands. High-affinity binders and low-affinity binders (HABs and LABs) express a single binding site for TSPO with either high or low affinity, respectively, whereas mixed-affinity binders (MABs) express approximately equal numbers of the high-and low-affinity binding sites (Owen et al, 2010 (Owen et al, , 2011 . Recently, Owen et al (2012) showed that one polymorphism (rs6971) located in exon 4 of the TSPO gene, which results in a nonconservative amino-acid substitution at position 147 from alanine to threonine (Ala147Thr) in the fifth transmembrane domain of the TSPO protein, predicts binding affinity phenotype in human platelets. However, no data regarding brain binding affinity was provided. In this work, we therefore present the results of the impact of the rs6971 polymorphism on in-vivo brain time activity curves (TACs) and total distribution volume (V T ) in humans using [ 18 F]-FEPPA.
Materials and methods

Radiochemistry
Details of [ 18 F]-FEPPA synthesis has been described elsewhere (Wilson et al, 2008) . It is reliably and quickly labeled with [ 18 F] by nucleophilic displacement of a tosylate leaving group in a fast one-step reaction, yielding a sterile, pyrogen-free product after purification and formulation.
Human Subjects
Nineteen healthy individuals participated in this study. Twelve of this cohort have been presented in a recent quantification study (Rusjan et al, 2011) . One extra healthy subject who was later found to be an LAB is included. However, given that a different protocol was carried out for a whole body biodistribution and dosimetry study (to be presented elsewhere) brain uptake data are not presented for this subject. All subjects provided written informed consent after all procedures were fully explained, and were approved by the Center for Addiction and Mental Health Ethics Review Board.
Positron Emission Tomography Image Acquisition and Analysis for High-Affinity Binders and Mixed-Affinity Binders
A dose of 173 ± 13 MBq (4.69 ± 0.35 mCi) of intravenous [ 18 F]-FEPPA was administered as a bolus for the PET scans (mass 0.8 ± 0.8 mg, range: 0.12 to 3.22). An automatic blood sampling system (ABSS, Model #PBS-101 from Veenstra Instruments, Joure, The Netherlands) was used to measure arterial blood radioactivity continuously at a rate of 2.5 mL/min for the first 22.5 minutes. Manual blood samples were obtained at 2. 5, 7, 12, 15, 30, 45, 60, 90 , and 120 minutes. These samples were used to determine the temporal evolution of the ratio of radioactivity in whole blood to radioactivity in plasma, and the unmetabolized radioligand in plasma needed to create the input function for the kinetic analysis (more details in Rusjan et al, 2011) .
The scan duration was 125 minutes following the injection of [ 18 F]-FEPPA. The images were reconstructed into 34 time frames. Frames were acquired as followed: 1 frame of variable length, 5 Â 30, 1 Â 45, 2 Â 60, 1 Â 90, 1 Â 120, 1 Â 210, and 22 Â 300 seconds. The PET images were obtained using 3D HRRT brain tomography (CPS/Siemens, Knoxville, TN, USA), which measures radioactivity in 207 slices with an interslice distance of 1.22 mm. All PET images of MABs and HABs were corrected for attenuation using a single photon point source, 137 Cs (T 50 = 30.2 years, Eg = 662 keV) and were reconstructed by filtered back projection algorithm, with a HANN filter at Nyquist cutoff frequency.
Region of Interest-Based Analysis
For the anatomical delineation of region of interest (ROIs), a brain magnetic resonance image was acquired for each subject. 2D axial proton density magnetic resonance images were acquired with a General Electric (Milwaukee, WI, USA) Signa 1.5 T magnetic resonance image scanner (slice thickness = 2 mm, repetition time > 5,300 milliseconds, echo time = 13 milliseconds, flip angle = 90 degree, number of excitations = 2, acquisiton matrix = 256 Â 256, and field of view = 22 cm). Regions of interest were automatically generated using the in-house software, ROMI (Rusjan et al, 2006) . Briefly, ROMI (CAMH, Toronto, Ontario, Canada) fits a standard template of ROIs to an individual high-resolution proton density magnetic resonance image scan based on the probability of gray matter, white matter, and cerebrospinal fluid. The individual magnetic resonance image with ROIs properly superimposed are then coregistered to the summed [ 18 F]-FEPPA PET image using a mutual information algorithm to generate the TAC from each ROI. Time activity curves were used to estimate the V T using a two-tissue compartment model, which has been shown previously as the optimum outcome for [ 18 F]-FEPPA quantification (Rusjan et al, 2011) .
DNA Extraction and Polymorphism Genotyping
Genomic DNA was obtained from peripheral leukocytes, using high salt extraction methods (Lahiri and Nurnberger, 1991) . The polymorphism rs6971 was genotyped variously using a TaqMan assay on demand C_2512465_20 (Applied Biosystems, Foster City, CA, USA). The allele T147 was linked to Vic and the allele A147 was linked to FAM. Polymerase chain reaction reactions were performed in a 96-well microtiter-plate on a GeneAmp PCR System 9700 (Applied Biosystems). After PCR amplification, end point plate read and allele calling was performed using an ABI 7900 HT (Applied Biosystems) and the corresponding SDS software (v2.2.2, Applied Biosystems).
Statistical Analysis
The [ 18 F]-FEPPA binding (V T ) to human brains was analyzed using repeated measures analysis of variance with ROI as a repeated measure and MAB or HAB as predictor. Independent analysis of variances were carried out for each ROI as follow-up tests. All analyses are two tailed with the conventional a = 0.05.
Results
Twenty healthy individuals were recruited (mean±s.d. age, 51±16 years; range: 24 to 78 years; 9 males and 11 females) who participated in this study. All subjects were free of current medical illness based on history, physical examination, electrocardiogram, urinalysis (including drug screening), and blood tests (complete blood count and serum chemistry). All 20 subjects were free of present or past psychiatric illness, as determined by a psychiatrist (R.M.) and interviews using the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV). No significant differences were found in amount injected, specific activity, and mass injected across genetic groups (HABs, MABs, LABs; Table 1 ).
Based on the rs6971 polymorphism, our population showed 13 HABs, 6 MABs, and 1 LAB, which reflected on binding phenotype as observed in V T and TACs (Table 2; Figures 1 and 2) . The LAB brain uptake is not presented given that this subject followed a different protocol, but the very different whole body biodistribution will be presented in a follow-up study. This is the first report of a LAB with [ 18 F]-FEPPA. Total distribution volume for MABs and HABs are shown in Figure 1 . The LAB is not presented due to lack of arterial data for this subject. There was a significant difference between ROIs V T s (F = 24.82, P < 0.001), and genetic group (F = 6.37, P = 0.02), with no significant interaction (F = 0.42, P = 0.79). V T s show a reduction of 27% on average (range 23% and 29% depending of the ROI) in MABs compared with HABs, showing a significant difference in all ROIs ranging from F = 4.2 P = 0.057 for the occipital cortex to F = 7.41 P = 0.014 for the frontal cortex (Figure 1) . Regional average TACs between MABs and HABs genotype showed moderate differences (Figure 2 ) in all the ROIs. Mixed-affinity binders presented a higher peak (E1.6 SUV) than HABs (E1.25 SUV) and a faster washout. While the TACs' peaks of the MABs were localized between 3 and 7 minutes depending on the ROI, the TACs for the HABs were flatter and therefore the exact timing of the peak difficult to determine accurately. At 2 hours, the TACs of the MABs decreased in average 32% across ROIs with respect to the peak value, and only 23% in the case of the HABs. Genotypes correspond to carriage of the 147 amino acid as follows: CC = Ala147/Ala147; CT = Ala147/Thr147; TT = Thr147/Thr147.
Discussion
Here, we show that the rs6971 polymorphism predicts [ 18 F]-FEPPA V T s in human brains. This finding is highly significant for the interpretation of PET studies using [ 18 F]-FEPPA. These data are consistent with a recent study showing complete agreement between platelets binding of PBR28 and the rs6971 genetic polymorphism (Owen et al, 2012) . Although there are no data confirming that other new generation of TSPO radioligands bind at the same site(s) on TSPO, Owen et al (2011) have previously demonstrated that binding class (HAB, MAB, LAB) shows consistency across radioligands; in other words, all tissue samples classified as HABs with PBR28 are also classified as HABs with the other new generation of TSPO radioligands.
In the absence of an available TSPO radioligand, which binds with equivalent affinity in all subjects and has a high signal-to-noise ratio, genotyping the TSPO rs6971 polymorphism will enable confident, quantitative comparisons of [ 18 F]-FEPPA PET data between groups of patients. This can be achieved either by screening out certain subjects to ensure all study participants are from the same binding class, or by including all subjects but correcting PET data based on their genetic binding class. Our results have the same implications for PET studies using [ 11 C]-PBR28, [ 18 F]-PBR06, [ 11 C]-DAA1106, [ 11 C]-DPA713, [ 18 F]-PBR111, and [ 11 C]-AC-5216.
In our study, we did not test the relationship between genetic variation, platelet binding, and brain binding. While this would be an important step following previous work (Owen et al, 2012) , our data directly show a robust relationship between rs6971 gene and in-vivo brain binding in humans. Furthermore, we show clear differences between binding profile (V T ) and TACs between groups, highlighting the importance of genetic profiling subjects before statistical analysis.
The prevalence of major (Ala147) and minor (Thr147) allele varies in different populations with significant variation between Caucasians and Africans; in the Hapmap database the prevalence of the Thr147 (low-binding allele) is 30% in Caucasians, 25% in Africans, 2% in Han Chinese, and 4% in Japanese (http://hapmap.ncbi.nlm.nih.gov/). In our small predominantly white Caucasian sample, we observed 65% of HABs, 30% MABs, and 5% LABs, which is consistent with the recently reported study by Owen et al (2012) .
While the biological impact of this polymorphism and consequent different binding affinity of the new generation of TSPO radioligands is currently unknown, it is interesting to note that complete knockout of the TSPO gene in mice leads to a lethal outcome (Papadopoulos et al, 1997) . While anecdotal, the fact that this genetic variability (i.e., the presence of LABs) has been observed in both healthy and disease states (i.e., multiple sclerosis (Owen et al, 2011) ) suggests that it may not be specific to a particular neurological condition; this needs to be addressed in future studies. Previous literature suggests an association between the rs6971 polymorphism and variations in pregnenolone production and plasma levels of low-density lipoprotein cholesterol (Costa et al, 2009a) , and anxiety in depressive individuals (Costa et al, 2009b) . Future studies should be carried out in different patient populations to understand the impact of this polymorphism in humans.
In summary, we demonstrate that TSPO Ala147Thr polymorphism predicts [ 18 F]-FEPPA V T in human brains and report the first LAB as imaged with [ 18 F]-FEPPA. Testing for this polymorphism will allow quantitative interpretation of TSPO PET studies with this and other radioligands. 
